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ABSTRACT

We propose a relatively simﬁle first stage experiment with muons in the
50-150 GeV range. The'experiment is designed to optimize conditions for
ﬁesﬁing scale invariance while providing some information about the final
state, as a test .of various theories of high energy interactions.

The proposed use of an iron spectrometer and of a high z (> 1) target
‘with a low intensity (~'lO6/sec) mion beam should greatly reduce the cost
and complexity of thé experimént and especially ease the constructiocn of the
‘bean. It may even be possible to make an adequate muon beam for this purpose
from the planned 3.5 mrad high intensiﬁy pion bean. A-higher intensity muon
beam can be used to extend the ranée in q2.

Information gained in this first experiment could greaftly assist the
planning of a more sophisticated experiment proposed for the high intensity

B beam.



I. - Introduction

A. Physics

For a variety of reasons, inelastic muon scattering may be aﬁ even more
interesting and effective way to probe nucleon structure at NAL energies
(50;150_GeV and above) than in the ?ast. Although the muon remains a mystéry
énd should be studied in its own right for some clue as fo the dynamics of
the'mudn-electron difference, at NAL we encounter, for the first time, more
muons than électrons. Previously the virtﬁal photon has'served us well as
& useful way to insert a controllable amount of energy and ﬁomentum into a
proton or neutron - the muon beams under discussion have adequate ihtensity
to continue these studies. Although the level of(sophisticétion in muon ex-
periments has not in the past been perhaps as high as that encountered in the
electron-scattering experiments, we feel that this situation is not intrinsic
to the use of muons and will yield to a sustained effort to obitain high qual-
ity information. Muons will be useful because one observes directly an inter-
action "vertex" as a function of the dynaﬁical veriables. The usefulness of
baving such a probe, which is also the case for the inelastic neutrino experi-
ments 1s immediately apparent when one considers the ﬁighly sPecifiq predictions
for this process by parton models, for example, and the sum rules for integrals

2

of W, and Wl. Although the form of the theories may change, we believe firmly
that experiﬁents with muons will present soﬁe of the strongest challenges %o
future dynamical theories due to the relative simplicity of a single intef-
action vertex. The comparison with the corresponding neutrino experimeﬁts will
be necessary for separating vecbor and axial vector terms in the lalter re-
actions.

Of course this simplification may be only apparent, since virtual photons,

at least at small q2, may behave in many respects like hadrons, through dif-
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fraction dissociation.  One immediate questioﬁ- to be answered concerns whether
there exists a qualitative chénge in the hatﬁre.of virtual photon intéraction
in the deep inelasﬁic limit or whether some extension of the.basic vector
dominance idea éan be maintained. Speciffbally, then, the following arguments
can be presented for an early look at muon inelastic scattering:

The scale invariaﬁce predicted by Bjorken(}) and discovered by the SLAC
inelastic electron scattering experiment(z) may or may not hold as one pro-
ceeds to even higher momentum transfers and energy losses. l(See Figure 1) oOf
course if we have reached a truly asymptotic region without encountering "sub-
structure”, it will hold.. In neutrino feactiOns,_if the W meson exists, scale

~Invariance is viclated by the finite spatial extenf of the interaction region
causéd by the W propagator.. An analogous statement would appear in the muon
-scatteriné if the apparent (from the SLAC results) granwlarity of the proton
charge distribution were not caused by fundamental enbtities ii.ke partons or
quarks(3) but just by the "lumpineés" of the charge distriﬁution predicted in
the field theory from the cloud of virtual (non-exotic) badrons around the
proton. In more technical terms, one would like to knqw the limit of v W2 as

2

X-0(X-= 5%5) and whether scale invariance holds as q? becomes very large,

To go beyond the cobservations of the muon alone, one would like to know
if scale invariance holds in the individual reaction channels, and what the
mltiplicity and transverse momentum distributions look like as functions of
q2 and v. As a special case of this, the hypothesis of "limiting_fragmenta;
tion" discussed by Yang, Benecke and others(h) predicts a separate fragmenta-
tion of the target nucleon and, by diffraction dissociation, the virtual pho-

“ton., These fragments, in the high energy limit, approach a limiting probabil-

ity distribution in the appropriate rest frame. It is predicted that the
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- average multiplicity associated with the target micleon will be the same,

regardless of whether the nucleon is excited by pp, =wp, or up collisions.

Even crude measurements on the final state can test these theories and whether

scale invariance holds for partial cross sections.

B. General Discussion of Experimentél Approach

We believe that rather simple experimental apparatus will yield 10% ans-

wers quickly and cheaply, permitting efficient design of an "omnibus" detec-

tor at a later stage. We do not believe that it will be necessary to sacrifice

the quality of the information of-most immediate interest.

The specific ideas proposed here are:

1.

3.

The use of an iron spectrometer %o achieve 7% resolution at 100 GeV
very cheaply and simply. The experience of one of us (K. W. C.) in
bﬁilding a cosmic ray spectrometer has proyed valuable and has given
us confidence that such a Speétrometer will meet specifications,

The choice of geometry and reaction kinematics %o simplify and render
more direct the test of scale invariance at these energies, As is
discussed below, such a test can be related to observableé in a way

that minimizes systematic effects and permits increased precision,

‘The use of a low intensity muon beam (106/sec) eliminates the need

for extensive collimetion and momentum selection. An intense pion
beam 1-2% of which decays into muons can easily produce such a beanm
and this experiment could possibly serve, for example, as the ﬁeam
stop for the 3.5 muon high intensity beam. About 100 meters of
drift space plus an 8-10 meter Be plug and én 18D72 bending magnet

will be required to form the muon beam, (See Figure 2} This low
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intensity can ve used without achieving unacceptably low rates by
ﬁsing an interactién target of 100 gm/cm2 spaced out over a dis-
tance which varies from 1-2 meteré in thé course of the experiment,
Use of a high Z target requires sowe understanding of the A dépen-

dence of the cross section. An A dependence which differs from Al'o,

+
and experimentally equels A0-9l~.92

at 18 GeV and below, is pre-
éicted for-q2 =0 by the "shadowing™ model of Ross and Stodolsky(5)°
Agreement with Margolis' calculations using this model is‘seen in
the tofal YA cross section measurements done at SLAC(6). The same
model predicts a q2 dependence shown in figure i, which reveals the
region over which some shédowing mighﬁ appear. Of course, by chang-
ing‘targets we can test the prediction of this model that o A'A;
for the q? and v values of interest here., An extension of this pro-
posal to lower q? values would alloﬁ cbservation of the predicted
shadowing but we prefer Lo concentrate first on the highest values
of q? and v available,

At even higher intensities (lO7 A’los p/sec), we give up the
possibility of observation Qf the reaction products, but can obtain
improved statistics on the region q2 > 100 (GeV/c)2. Availsbility
of the intense beam at an early stage would dictate wuse of this

apparatus to look at ultra high q2 as soon as the beam becomes avail-

able.

The last new feature of this experiment will be the use of a reaction

target distributed through the body of a 1.2 meter spark chamber with
40 5-cm gaps. If lead is used as the target material then we have
about 16 radiation lengths available and over most of the chamber

have a very high conversion probability for gemra rays. The combina-
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tion of wide gaps and‘poorly conducting plates will support a large
number of traéks and we hope t§ make significant observétions on the
mﬁltiplicities of charged and neutral tracks,'and obtain information
about x° transverse momentum distributiéns from the angular distfibu_
tion of the observed gamma rays. If the average mulbtiplicity is

& 6 with 60 GeV energy loss, the average momentum is lO‘GeV/c and
the particles tend to emerge within a 40 mrad cone. Typically at
1'meter from the vertex, 6 tracks or developing shovers are\contained
inside about a 3" diameter circle.

Ten X and Y Cﬁarpak chambers with 100% efficiency for multiple
tracks will Be inserted in,tﬁe body of the production chamber. By
c0m5ining this with the wide-gap optical chamber information we wili
obﬁain thé multiplicity of fast charged particles, the angular
distribution of these about the momentum transfer direction and from
the observed garma ray showers data concerning the x°'s.

We now turn to a more detailed discussion of these points.
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II. Concept of Experimental Test of Scaling

Consider the effect on g:gﬁ for inelastic muon (or electron)_scattering
of the transformation |
E - AR
B 28
51n- = —2;- -9
VA -
q2’= ?\q
= AV ”
)]
X=X = oo

e

If we ignore the very small change in cos at small or even moderately

N o

large angles (essentially all angles of interest at these energies), then we
find that X = Q2/2Mv (with'wl) remains invarient and, provided V¥, is scale

invarient, We have then

2 2"
a 14 1 29 .28
d{gE’ X g " =% (‘—"“*2'“) [ cos” 5 + 2W, sin -2-] (1)

31n 5
\

Note that the proportionality to 1/A is independent of the value of R = QL/OT-
Furthermore, AQAE’is invarient under this transformation so the counting

rate decreases aa-, even if there is a spread in the incident beam energy,

A
providing the relative distribution of energies remains the same.

Upon further investigation, we find that it is possible to extend this
transformation so that most of the experimental effects such as finite resoclution
in determining the scattered muon momentum and angle do not affect the inter-

comparison of different energies, i.e. different values of Ao

This means that we can compare experimental distributions directly and
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ascertain immediately any violations or scaie invariance.

Figure 3 shows this concept of. testing scale invariance, The figure in-
dicates the dependence on A of the vafious experimental variables. If we scale
the apparatus for each energy point (say 50, 100, 150 GeV) we remove the
effects of:

1. Measurement error on the incident muwon direction.

2. Beam divergeﬁce from multiple scattering in the Be filter.

3. A spread (from the pion decay spectrum) in the incident muon

energies,

L. Multiple scattering in fhe.target chamber and in the iron plate

spectrometer.

'5. Effects of dE/dx in the spectrometer.

.Table I shows the actual statistics which might be obtained using an
extrapolation of the SLAC results per 100 hours rﬁnning time ét 106 100 GeV

muons per second, The number of events at 50 and 150 GeV is the same provided

we make the appropriate transformation and scale invariance holds,

IIT. Experimental Arrangement

A. The Muon Bedm

The boundary conditions imposed by the absence of a specially designed
muon beam led us to consider the experimental facltors in approaching the limit
of zero cost--i,e. what can be done using a low intensity muon (106/sec) beam
derived from the "existing" 3.5 mrad. pion beam in a minimal Way. In order to
achieve good rates for large Q2 scattering we increase the target density by
using a high Z target. The general experimenﬁal arrangement, intended to re-

place the 3.5 mrad beam stop, is shown in Figure 2 and Pigure 3.
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B. Use of a High Z Target,

Use of the lower beam intensity (loﬁi/sec).and high Z target has a number

of edvantages and some obvious disadvantages. We start with the advantages:

1.

At these intensities we may determine the muon energy directly by
observing the incident muon before and after a deflecting magnet,
Qhe reaction itself may be observed by comgining the farget.material
and a beam spark chamber, Much useful infofmaﬁion.can be obtained
even without magnetic analysis of the reaction préducts. This can
be simultaneous with the single arm experiment. |
Problems with beam halo and monitoring ére substantially reduced.
The high probability of y;ray conversion might allow part of the

radiative corrections to be checked experimentally.

The chief disadvanvages of the dense high 7 target are:

1.

-2,

One does not a priori know the A dependence of ﬁhe écattering Cross
section, although oﬁe believes it is At at large q?.'

A very dense target will mve a/ﬁackground from energetic knockon
electrons which might tend to obscure the event through secondary
showers. We have assumed 100 gm/cme for this limitation, based on
simple calculations of the probability of obtaining an energetic

knockon and observations at 12 CeV pion interactions in an iron

plate spark chamber with several hundred gm/cﬁg.

For point -1 above, extensive calcwlations have been performed using the

Stodolsky optical model (which is in agreement with the measurement A dependence

of the total photon cross section for k from 2-18 GeV as determined by DESY and

(stAac).

To the extent one sees a deviation from o =.AGYN, one is obserwving

VA



26-/0

- 10 -

sbaéowiﬁg of the incident (virtual) photon. This surprising effect was ex-
plainéd by'Stodolsky(S) and has been extensively studied by many authors
including Gottfried and Yennie(T) and Brodsky and Pumplin(7z The results
(Figure &) of an explicit calculation (using a cylindrical nucleus for ease
in calculation) shows

1. This (p scattering) experiment should not observe shadowing for
q2 >2 i.e. over.almost the whole kinematic region accessible at NAL
cavaG.

2. If a measurement of o Tor the muons is possible then these shad-

owing effects might be observed. The maximum effect is

Oun,

Ko

= .43 for k > 20 GeV
YN '

Actual observation of the shadowing requires measurement of very small
scattering angles and elimination of p-e events., In this proposal we con-
sider:

10 mrad < epL < 160 mrad
This confines us mostly (but not entirely) to the deep inelastic region

where the shadowing effects are expected to be less than a few present., This

can be experimentally checked by using different targets.

C. Rate Calculation and Radiative Correciions

1. Cross Sections



z6-//

Cross sections for muon scattering at these large momentum transfers
and energy losses are of course unknown and can only be guessed. In order
to provide some basis for planning the experiment we have taken an approx-
imate it to the SLAC electron scattering data, assuming that R = GL/GT
approaches a limiting value of 0.2 and that

O-T(k) O)

(1 + 2.6q2 + q“/k)

O (k>q2) = (2)

As was discussed in a recent Physical Review Letter by Nauenberg(S)
the choice of this form guarantees the scale invariance of \Wé in the
limit q? >¢>\?. .In fact any functions of the form 1 + q2 :g(q?/k) in the
denominator, plus the constancy assumed for GT(k,O) guarantées a scale
invariant v_Wzo- The above form only applies at some distance from the
elastic 1imit q? - 2Mv,

Radiative corrections were applied to the cross sections, since these
will be important in any precise test of scale invariance, It is found
that these are not negligible, due to the appearance of the muon mass in
the logarithm of the leading order terms.

Most, but not all of the radiative correction comes from the case
where the muon radiates a photon in the forward direction and then scat-
fers elastically at the lower energy, Both this, and the case where
the radiation takes place after fhe scattering should ve visible in the
chamber and the extra photon might be identifiable by its collinearity
with either the incident on scattered muon. However observation of this
depends on the angular distribution and multiplicity of the reaction prod-

ucts, thus we prefer not Vo rely on it. The forrulas used involve the



2612
- 12 -

(9)

peaking approximabtion and were taken from Mo and Tsal .

As a typical example, Tigures 5 and 6 shows the calculated values of

d?c

d¢an’
energy for 100 GeV. The rapid dependence on scattering angle (naiu) and
e

for a wvariely of secondary muon energies E' at a fixed incident muon

the slower dependence on E' are evident., Cross sections without radiative -
corrections are indicated by dotted lines and with radiative corrections

by solid lines. It can be seen that in some cases the radiative correc-
tion is ~ 20-30%.

" By looking at figures 5 and 6 we see that a precise muon experiment
requires very gobd séattering angle resolution and at the same time re-
quires very little in the way of resolution in E'; the 7% we hope to
achieve being more than adequate for the experiment, This is a major
reason vwhy the simplicity of the iron spectrometer is well matched to
this measurement.

2. Effect of Angular Error
A 1 mrad systematic error in © at 10 mrad will make 2 40% error in
2

%?gé, At 60 mrad the same error is 5_7% error in the cross section. Mul-

tiple scabtering in the target chamber gives an rms §Q_¢L4§_mrgd/E,_(Gev).
This is a random, not a systematic effect. The beam can be used to mon-
itor systematic errors in 0. The importance of physically scaling the
apparatus to eliminate systematic errors while checking scale invariance
is clear, Of course thinner ta:gets can be used for measurements at smal-
ler values of O, because the cross section is larger, but the measurement

error in 0 will always remain a problem for experiments which vary only

the incident energy and not the geometry as well,
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3. Counting Rate
Typical counts obtained and assumptions about the target and the beam
in 100 hours of running are given in Table I. It should be emphasized that

these are only best guesses, but plausible ones.

IV. Iron épectrometer

A. General Consideration

In this section we describe in some detail the iron spectrometer we pro-
pose to use to analyze the inelastically scattered muons. Our prime moti?a_
tion in considering the use of a toroidsl solid iron magnet is that or tre-
mendous reduchtion in power cost while permitting us to achieve a momentum aﬁd
angular resolution sufficient for our purposes. The limiting factor of con-
véntional spectrometers was that economics impose a limit on the magnitude
of the magnetic field as well as the volume over which it acts. Cosmic ray
spectrogravhs have been built.usiﬁg the solid iron magnet reaching a meximum

deﬁectable momentum in the neighborhood of 1000 GeV(lO). Our own experience

with this concept has been also favorable.(ll)

B. Magnet Parameters

We list in Table IT the parameters considered in the spectrometer and
Figure ‘T shows & schematic diagram of one section of the iron magnet, The
magnet is consisted of 4 identical sections each 1.5 meters long in the beam
direction. FEach section is in turn constructed from 120 low carbon magnet
grade steel plates. The magnetizing coils each consisting of 500 turns of
10 s. w. g. lumax covered copper wire of total resistance ~ 120. At a cur-

rent of ~ 20A a field of 18 Kg * 0.7 Kg is expected.
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C. ‘Uniformity of Magnetic Field
It is important to know the variation of the uniformity of the magnetic
field in both the wound and unwould areas. Fortunately previous experienceélo’ll
give the actual search coil measurement of the field for both areas. Figure 8
shows the variation of field at locations 1, 2 and 3 for the wound area. The
variation in field over a given plate is < 1.6%.whereas the overall variation
is of the order * 2,5%, In addition a measurement of the leakage field from
the iron surface reveals that it magnitude is of the order of 0.1% of the field
within the iron. (Figure_9a). | |
With an expected uniformity of the order of 2.5% the momentum resolution

©Of the muon spectrometer will not be limited by the uncertainty in the magnetic

field but will be limited by the multiple scatbtering of muons in iron.

D, Momentum Resolution

If the magnetic field is sufficiently constant over the entire length,
the accuracy to which the momentum of a muon can be deﬁermined.is limited by
the multiple scatbtering it suffers. ?igure 10 shows the three alternatives
available to determine the muon momentum:

1. Single measurement of incoming and exit angle. (Figure 10a). The
fractional error of momentum determination varies.as L"l/2 since
the magnetic deflection varies as L while the r.m.s. multiple scat-
tering angle varies as Ll/z. Practical limitation in solid angle
acceptance and minimum cut’off.energy optimizes the length I, In
this case the momentum of the muon is given by

p = xK(1 + 92/K2) :
> T I(6) - I(9)) (3)
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where Ql and 8, are incoming and exit angles,

e = energy loss per unit length of iron,
K=3003B
x = the lateral displacement of the emergent track position from the

incident position, and
e € .
I(0) = exp. EK (QL - 6)] ( cos 6 - g sin 8).
It is to be noted that at high energy ( > 100 GeV) equation (3)

reduces to the familiar form

. KL
P = 5in el - sin 92 (h)

The variation of the calculated incident momentum with the incident

angle at 150 mrad is less than + 2%, Figure 9b shows this variation.

B

The resolution is limited by the ratio of the ftransverse momenta PT

(bending) and PTM'S°

(Multiple scattering)
P MS
Ap T .. 0.286 (Gev/c) ~ o
S P‘B 3.24 (GeV/c)
T

which is the greatest uncertainty. We show the photograph of the cos-
mic ray muon spectrometer now in operation at Princeton. (Figure 11).
Multiple measurements. (Figure 10b). |

The previous analysis still applies. One would expect crudely the
improvement on the momentum resolution goes as N where N is the
independent number of measurements. The mejor disadvantage is that
the solid angle factor decreases as L2 and that no all meessurements
are wholly independent to exploit the Jﬁ-factor.

Multiple measurements of positions. (Figure 10c).
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For a track of projected 1ength.L with transverse coordinates Yn
measured ;nd longitudinal coordinates x (p = 0,1,2,--N), the
curvature and direction error are values of f and Y in the least
square fit of

Ye=a+Byxty ¥ < (5)
Variational techniques have been used to calculate the optimum
resolution for a given magnet configuration from general considera-
tions. The expected resolution is better inAgeneral than case 1).
For ldO GeV muons, we found & momentum resolution of T for a measure-

ment at four points by fithting the track 46 a circle, This is the

appréach that we have firally adapted in this proposal.
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TABLE T

Total Counts in 100 Hours Jf Running

=

6 Counts = 2(100 GeV)(50 GeV){l-cos8)
10-20 mrad 110,000 2.3 (GeV/c)2
20~-40 mrad 20,000 9 (GeV/c)2
%0-80 mrad L, 000 36 (GeV/c)2
80-150 urad 200 ~ 100 (GeV/c)?

Total = 134,000

Assumed : 100 gm/cm2 target
106 muons/sec.

E' = 20-80 GeV

"

it

E
o

100 GeV



TABLE II
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Torodial Magnet Spectrometer Specifications

Cross Section

Total Length

No. of Sectiouns

Length/Section

Energy Cut Off

Material

Lower Energy Cutoff (Straggling Limit)
$B . as

No. of Turns/Section

Total Coil Resistance/Section

Magnetic Field in Iron

Total Power Consumption

* We use value of muon energy loss in iron

l.5mx2m
6

L

l.5m

10,7k Gev
1020 Steel
20 GeV

2000 Kg - in
5000

12Q

17.5 Kgauss.

20 KW
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Figure Caption

Kinematic region for Muon inelastic scattering (q2,v plane) at NAL
and SLAC.

A possible muon beam layout for p inelastic scattering.,

Plan view of proposed apparatus for test of scale invariance.

1/3

Predicted shadow correction versus A for v = 20 GeV and for a

eylindrical nucleus.

2
Variation of dé' with © at a fixed E .
d20
Variation of g with E’ at a fixed 8.

Details of the iron magnet. Only one section is shown. Four sections are
proposed for the spectrometer. a) Plan view. b) Schematic view,
Variation of magnetic field in the wound region as a function of the plate

number. 3 positions shown in Figure Ta).

'8) Leakage Tield versus distance away from the surface at position shown

in (c).
Three alternatives for momentum determination with a iron spectrometer.

Photograph of a cosmic ray ruon specﬁfometer at Princeton. Method of

10a) is used here.
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PREDICTED SHADOW CORRECTION VS
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INTRODUCTION |

This is intended as a status report on experiment 26.
The emphasis here is on the technical features of the
experiment, and the problems in -analysis which would be
general to all muon experiments at the high enz=rgies
available at the FERMILAB.
' We begin with a description of the scaling concept
and the apparatus of the experiment, and rewview the data
taken during the data runs in 1973 and 1974. We then
consider the sensitivity of the experiment to systematlc
uncertainties. Many of these.uncertalntles are related to
the analysis of the data and we‘describe the efforts underway
at this time to better understand and improvekthe analysis.
The two most important aspects of the experiment
which we consider in detail are the use of solid iron magnets
and the use of a riuclear target with the resulting hadronic
and electromagnetlc showers in the target material. ThlS
material is quite technical and much of it is left to
appendices. However, the 1nformat10n is important to the
understanding of this experiment, and to the evaluation of

other similar experiments at these energies.



I. "Scaling" the Apparatus to Reduce Detector Biases in the Ratio

. Comparison

The simplest and most direct form of scaling test would
be to measure d2o/deE' at different Eo for the same q2'and
® values to determine (R = os/qT, Fy, = VWE) and then plot F,
vs._qalat-fixed o for different w values. Such a method
requires very high beam intensities and long running times
to achieve Sufficient statistical éccuracy. In a muon
scattering experiment one is faced with muon beam intensities
considerably lower than comparable electron beam intensities
available at SLAC (about 7-8 orders of magnitude less). Perhaps
2o0r 3 orders of magnitude can be made up by the thicker targets
possible with muons, but there is still a need to find a method
which makes efficient use éf the available déta in ﬁhe scaling
comparison using only a relatively smallanmber of - muons.
For this reason a method was devised which attempts to
compensate for acceptance changes by simuitaneous variation
of the apparatus geometfy with the energy of the beam. Since
the resolution of the magnetized iron spectrometer is determined
-primarily by mul?iple scatteriné:the iron, it is important in
the comparison between muon energies to make the effect of

multiple scattering nearly the same in both cases. Requiring
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both the acceptance and the multiple scattering effects to be
nearly the same in all parts of the spectrometer gives two
conditions, the first one.on the sum of certain distaﬁéés, the
latter on the sum of the squares of other diétances_(squares
due to the fandom nature of.multiple scattering). Since the
density of irom is fixedland it is convenient to use the same
magnets at both energiés, it'can.be shown that these conditions
plus the need to use integral numbers of magnets basically
require a relation which can be expressed-in a somewhat obscure

fashion as the numerical accident

B 58
3 b 5

These relations are not exaét but hold to‘about the 2%
level. Satisfying ﬁhese constraints means that the incident
 energies for the comparison must be in the ratio 3:5:8 with the
upper energy (150 GeV) being determined by the practical limit
of the beam. The numbérs 3,4,5 refer to the number of magnetized
iron toroids used in these geometries. The actual amount of iron
(doing the multiple scattering) isﬁgropuiional to 3,5,8 ﬁhich
implies that the upper two energies require édditional
unmagnetized iron to equalize the hultiple scattering and
average energy loss effects.

To see how this works we consider two scattering geometries



corresponding to different incident beam energies.

in each geometry E0 is regarded_as fixed and the incident
muon energy in Geometfy 2 is 3/8 that of Geometrj 1. E',Q are
to be considered as vafiable parameters with the relation between
the scattered mesons in the two geometries given in the diagram.
The box represents the bending imparted by the spectrometer
used for momentum analysis of:the scattered muon. In the
special case shown, if C is the transverse momentum impafted
by the. spectrometer magnet (throughoﬁﬁ this discussion we
assume sin® ~ 6 and cosf ~ 1) then for parallel rays

Cc, = E'6

1



- We temporarily assume a uniform B field pointing into the
paper (for u~ ). 1In real life this is a field with azimuthal
symmetry about the beam and with sdme radial variation-iﬁ
magnitude. In order to achieve a corresponding ray in the
second geometry .02 =\(§ E'6 --%(1.02) E'6. Since the magnetic
field in saturated iron is not variable one needs to use 3/5
as many magnets in Geometry 2 as in Geometry 1. In general
the tofal [B-d2 of the spectrometer must be proportional to the
square root of the incident energy. If the '"3/5 rule" were
~ the only condition applied bn comparing the two geometries, one
_woﬁld find that the ratio of'multiple scattering r.m.s. trans-
verse momentum in thé direction of bending would be increased in .
-the_low energy géométry (Geoﬁetry l).by a factor of1[§j= 1.29.
ﬁot'only would thé comparison of the two energies be sensitive
to effects caused by differences in the spectrometer momentum
resolution but .the "e&ge" effects wouid be differentf-i.e. losses
dge to scattering out of (or into).the finite spectrometer
aperture. 1In ﬁhe experiment actually pefformed, this would
have an effect on both the very high and the vefy low value
of_q2 and would mean that the q2 range of the experiment would
have to be restricted, with a consequeht loss of both dynamic
‘range in_thé kinematic variables and statistical sensitiviﬁy

to a scaling violationm,



Thus we wish to find the condition which ideally maps the
high energy distribution onto the low energy one provided the
cross section is scale invariant. 1In the perfect apparatus
one could observe the distribution in any measured quantity
(i.e. a radial distribution) and no experimental bias in the
comparison of the high and low energy geometries would be
present, This of course by no means eliminates the mneed to
treat systematie errors but should help to reduce the
sensitivity of the final answer to these errors, acceptance
questions, etc. as well as make more efficient use of the
available data.

If we neglect (for simplicity) the scattered muon angular
momentum with respect to thexspecﬁrometer symmetry axis and
the average energy loss in the spectrometer, given a ray of
initial transverse momentum p, and secondary emergy E', the
déﬁlection of thé ray -from the p = » line at any point Z within

the.spectrometer is:

d(z) = / , (= “Zi) Y impulse _
' approximation
z.<z
i
The z, are the centers of the toroidal magnets, C; is the

transverse momentum imparted by the ith magnet C; = C(x(zy))
since the field varies somewhat with radius. Although the above

formula contains a number of approximations, mainly neglect of
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the average energy loss by ionization in the spectrometer
(about 10% of Eo)’ it is intended only to illustrate how the
method works.

Now consider a number of tracks with the same initial
(p, ,E'). Multiple scattering Within‘the'spectrometer produces
a distribution of trajectories after some material has been
traversed. If we ask fof the mean square-distribution-02(2)
of track deviations from d(z) (projected onto plane conﬁaining
the average trajectory) it can be shown that (in-the approxima-
tion that multiple scattering is Gaussian)

02(z) = J‘ dz' (z-z')2.(-0;5) E%2
| - "o

z'<z
all material

‘'where E' is in GeV and x is-xo(z'), the radiation length of
fhe material at pbint z'. If we néglect all séattering.except
from the iron magnets and the thickness of a single magnet is
A, we have |

2
0‘2(2) = (‘015)2 4 Z _' {(z--zi)2 + 2 ]

E' x,, (irom) 12

Notice that, at a fixed point in the spectrometer the
ratio o/d is independent of E'. This means that, if we neglect
the effect of measurement errors of various kinds, the resolution

of the spectrometer will be independent of E'.



Now we are in a position to deduce the basic condition on
the apparatus which allﬁws us to maintain constant acceptance
and resolution over a wide range of incident energies. As was
shown in the original proposal, if we consider A to be a scale
factor applied to the incident muon enepgy énd compare distri-
butions in Ei,e from energy E0 with distributions from energy
kEo'in (kE';i%? we find that if cos2_g4z 1 and R = o4/0,
scales as well as Fecx;qe) = FE(X) then the cross section is
Just multiplied by 1/A. 1If we, in changing from E, to AE_ ,
change -the geometry of our apparatus by moving magnets, counters
and spark chambers along the beam according to Ji; increase the
number of magnetized toroids by.J;Faﬁd the actual amount of
material in both th% sgattering target and spectrometer by A, we
should obtain essentially the same d(z) and o(z) at every point
where these quantities are measured. |

That this works out in practice has been checked with
Monte Carlo calculations and ray tracing programs. The maXimﬁm
possible deviation of two corresponding trajectories from each

Eﬁﬁn-

other is about 2.5 mm/f'Where f = —E~*-< 1 while deviations

: o
in track angle are less than 60 @rad + E—%§ﬂg-inside the -
spectrometer (which is S 1/4" offset between the two halves of

a spark chamber module). In the rear of the spectrometer the

correspondence of lines seen: after all iron has been traversed
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could be used as a scaling test by itself. Corrections to this
apparatus scaling come from various sources. Ambng the most
important are differences in the size of the beams at the two
energies and the energy variation in dE/dx im the spectrometer
which yields about a 2% shift of the upper edge in the E'
distribution at one energy vs._the-other'energy.' The effects
'of.these}and other smali systematic corrections will be
discussed in another section of'this report.

We close this section by giving a table comparing the
‘deflection d and the mﬁltiple scattering distribution width
o at 56 and 150 GeV for the actual geometries used. The values

below are for E' = Eo'

Spark Chamber Module o (cm) d (cm)
Within Spectrometer: 56 GeV' 150 GeV 56 GeV 150 GeV
i1 014 o.1h 0.5%  0.51
12 0.5  0.52 2.70  2.51

Behind Spectrometer:

13 | 1.02  1.02 6.20  6.22
14 1.18 1.17 _ 7.45 7.50
15 1.41 1.34 . 8.70 . -8.81



II. APPARATUS:

The realization of the scaling geometry is shown in figure 1 for the two
energies used in the experiment (150 GeV and 56.25 Gev). A1l longitudinal
lengths have been scaled by the prescription of the previous section. 1In
addition, to increase the kinematic range at each energy sétting, we have
taken data at a number of target positions.with the rest of the apparatus

unchanged. The next section summarizes the data taken at each energy.

MAGNETS:

The momentum analysing magnets (shown as blocks 1n.the figure) are solid
iron toroids 68 inches in diameter, with an inner diameter of 12 inches and
a thickness of 31 inches. Each magnet runs at 35 amperes with an average B="
17.3 kilogauss.,

| A detailed study of theimagnetic field is described in appendix I. These
measdnments leave.an~uncertainty of #1.0% in the_overa]] field normalization,
and a +0.5% uncertainty in the radial field dependence.

In the higher energy configuration three of the magnets (shown as un-
shaded blocks) afe-deggussed to achieve the desired scaling of multiple
scattehihg.v The degaussing procedure described in. appendix II gives a
residual field 1es$ than +200 G, and could contribute 1.0% to the average
field normalization and to the field shape.

TRIGGER COUNTERS

A scattered MUon trigger is defined by three counter banks (1abeled SA,.
SB, SC) which are slightly larger than a 70 inch diameter circle and have a
14" x 14" hole in the center to prevent beam triggers. A fourth identical
bank of counters (HVIi ) is placed upstream of the‘target.to veto accidental

beam-halo coincidences. A second veto counter HV, overlaps: HV;, and has

a circular hole 7.5" in diameter to sharply define the beam size at the target.

Unscattered muons are vetoed by a coincidence of two veto counters BV

10
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‘and BV'. To prevent an accidental veto by final state hadrons, the holes in
each magnet are plugged with concrete. To test the effect of shower penetration
the individual BV counters are latched for each trigger.

SPARK CHAMBERS:

Eaﬁh spark chamber module, (labeled -7-151in figure 1) consists of four
planes 71" x 71" with magnetostrictive wands. Fach module measures vertical
and horizontal coordinates as well as two at +45% to resolve multi-track
‘ambiguities.

To imprbve spatial uniformity of the spectrometer efficiency the wands
alternate in direction (eg. +x, -x etc.) in alternate spérk chahber modules.
The read out system permits a- total of eight sparks or fiducials per wand with
a overflow bit set for a ninth spark.

PROPORTIONAL CHAMBERS:

“A multiwire proportional counter system is used to record the incident
beam track and to locate the scattered track immediately down stream of the
target. The beam chambers are épproximate]y 20 x 20 cm, the down stream
_chambers are 40 x 40 cm.

The incident beam track is measured in three sets of chambers, (PC 2-4;
only PC 4 is shown in figure 2 ) a total of 8 wire chambers, so that multiple
beam tracks .are resoIved. The beam track is located at the target tox1.5 mm,
with the incident angle measured to 1 .1 mr.

During energy calibration runs a fourth chamber PC 1 is used upstream
of the last bend in the muonbeam line. This chamber allows a measurment
of gp/p and is used to reset the beam energy to its nominal value.

The chambers PC 5 and PC 6 have 2.mm wire spacing ahd read out four
coordinates to resolve multi-track ambiguities.

TARGET COUNTERS:

For some events, typically having very high energy 1053,57, the track

downstream of the target may be obscured’ by a hadronic or electromagnetic
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shower. To provide information on these events the target is segmented into
4 inch blocks with SCintillat{on counters bétween each block. These counters
are pulse height analysed and the information used to provide a constraint
on the vertex position for each event.

-These questions of track reconstruction will be distussed in more detail
in section IV.

BEAM COUNTERS:

-The muon beam is defined by six counters shown as B1 -3 and C 1 -3
in figure 3. The B counters (3 1/2" diameter) define the beam  in
fhe aperture of the bending magnets. .The C counters restrict particles to
a 7 1/2" diameter circle to stay  within the active region of the proportional
chambers PC 2 - 4,

Two counter hodoscopes are also instal1ed jn the beam, downstream of
the last quadrupoles (enclosure 103) and downsiream of the bend (enclosure
104). These counters, used with the proportional counters allow a measurement
of the angle in and out of the last bend dnd-give a momentum measurement
(i'.' .5%) for each event.

TRIGGER LOGIC:

The.trigger logic is shown schematically in figure 3 . The data taken
in this experiment comes from two types of triggers, labeled event and pulser.
The event trigger defines a scattered muon event and provides about 70% of
the data. = The pulser trigger is designed to be a sample of the beam incident
on the target;witﬂ:éut the bias of the event acceptance. Beam tracks from
pulser triggers are reconstructed exactly as for event data and are used to
monitor changes in the beam shape, and as input to Monte Carlo simulation

programs.
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III.DATA TAKEN:

The data taken is'éummarized in table 1. It is divided into three

calendar periods,two incident -energies, and four basic angular acceptance regions.

The small anQ]es of the 56 GeV data are the.scaled values of 150 GeV small
angles, using the prescriptions of sectioﬁ I.

‘The variation of the target position to change the angular acceptance
is an important part of the data at eachﬁenefgy. The,kinematic range of the
data is increased significant]y. In.addition, the trajectory for a fixed
mom'entum_tr‘aﬁsfer will be detected at differeni: radii in the spectrometer
for.each target position , providing information on the magnetic field shape
and on efficiencies as a function of radius.

The qualitative effect of this variation is shown in figure4 for the
data.taken in October 1973. For the Very small angle-configuration, data
is accepted at momentum transfer down to 1.5 (GeV/c)z._ In the large angle

configuration, data is obtained up to 02 = 50 (GeV/c)z;

16
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STABILITY OF EVENT RATES

The data was taken at instantaneous beam intensities
which vary over at least one decade. In'additibn the beam:
halo ratio varied by more than a factor of two and £he beam
accidental rate varied from 0 to 3%.

We have studied the rate of reconstructed events,
normalized to the incident flux, for each run to determine
whether there exists any rate dependence. This study has
particularly emphasized any bias in Q2 which might result
from such effects.

Figure . 5 shows a representative distribution of
events per incident muon, binned in Q2 regions. In this and
all other data éamples we find no evidence of rate dependence
in either the event yield or in the Q2 distribution.
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. SENSITIVITY TO SCALING VIOLATIONS

We discuss here the effect of our systematic uncertainties to a violation
of scaling. We discuss in detail a violation which can be parametrized as a

form factor as suggested by Drell and Chanowitz.

YW, (x,8%) = Féﬂ%;. + -/‘\3:_}2

The "scale breaking mass", A, provides a simple measure of our sensitivity

and is independent of specific_theoretica] models. Other.ideégfof a scaling
'breakdown wii] require an analysis more dependent on the details of the specific.
model.

In the analysis of our data wecompare data at different energies with our
spectrometer and we compare  data with the electron scattering data taken at
SLAC, using a Monte Carlo simulation. The data to“Mohte Carlo comparison re-
duces our statistical uncertainty. The data to data comparison provides significantly
smaller systematic errors.

SYSTEMATIC UNCERTAINTIES

We present here the more important systematic effects in the experiment.
‘Most of these effects are less important for the internal scaling test than for
the comparison of data to Monte Carlo. We will consider the most important effects

in some detail.

ENERGY CALIBRATION

The energy of the 1hcident beam must be scaled in the ratios 3:8 to achieve
the écaling of the apparatus. In addition, we must know the apsolute energy for
comparison to Monte Carlo.

To test our sensitivity to this effect we have made a Monte Carlo simulation
with slightly different incident energy. Comparison of these shows that .a 1% .
change in incident energy would produce'an apparent scaling violation of |

(1702 ¥ 10 x 107* (Gev/c)? in our 150 Gev data.

¥ Such gs. wmodifieotiang of Shope of Fi. (x, cé'*\ Loth Cg‘.



By steering the beam into the spectrometer we can measure the incident energy
and can make any necessary corrections to the data. The relative setting of the
beam energy can be done to *,5% so that the remaining uncertainty is equivalent
to (1//\2)'= 5 X TOQ4 (GEV/C)-Z in the data to data comparison. The absolute
energy is known to * 1% (see Appendix iII) . |
SPECTROMETER CALIBRATION

The absolute calibration of the spectrometer magnetic field has been
measured to #1%. This uncertainty factors out of the .ratie of data to data
but can contribute (/A 2) =10 x 10'4 (Ge\{/c)_z- in the ratio of data to
Monte Carlo. See Appendix VI for further calibration details.

The radial dependence of the magnetic field can be measured better than the
field normalization and the uncertainty is estimated to be less than +.5%.

At this level it has negligible effect on either scaling test.

In the high energy geometry some of the magnets are turned off so.as to
scale the magnetic field length relative to the length of mutiple scattering
material. The degaussing procedure has been checked by magnetic measurements and
the residual field is ]ess_than 200 Gauss, giving an uncertainty of 1% to
the field integral.in the eight magnets and in the radial field shape. This
results in an uncertainty of (1//\2)»=_10 x 1074 (GeV/c)'z.

BEAM SHAPE

Since the radius of the muon beam at our térget is approximately half the
size of the first defining apeqﬂfure in the apparatus, the acceptaﬁce for low
Q2 data varies significantly with changes in the beam shape. These changes
are particularly important when changing incident energy in the scaling test
Since:mu]tiple scattering in the beam at Tow energy can change the effective
beam spot size.

Computer simulations indicéte that such changes can give an apparent 02
dependence and a fit gives (1/ A 2) =10 - 20 x 10—4 if not corrected in any

way. This can be reduced by a factor of two if we ignore the lowest 10%

22
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of the Q2 spectrum; By cutting on beam radius, weighting events by their
radiélpoéitian,pr by Monte Carlo simulatibn, we can reduce this effect
significantly and the uncertainty iﬁ the final result is estimated to be
less than (l/Az) = 5x10~"*(GeV/c) 2.

V. PRESENT ANALYSIS SITUATION’

We have worked on a number of different analysis programs, with
different track finding procedureé, point filtefing, and overall event
selection criteria. The two impbrtant programs mentioned in this report
are RECON (versions 7 and 8) and VOREP. These two programs are indépendent
in most respects, but in all cases the momentum fit is done by the program
FINAL described in Appendix IV. FINAL has been checked in a number of
ways using both data and Monte Carlo (see Appendix V). The exact value
of the minimum scattered muon energy allowable has not yet been determined,
bﬁt is Eé/3 at present.

‘The detailed study_of the analysis and the comparison of the different
approaches to track finéing has been very useful in understanding event
losses and biases in the event sample. Some of these studies are described
in the last three appendices. We may summafize the present status of the
analysis in the following:

i. In the most fecent analysis, halo can be completely eliminated.
Some contamination from halo may exist in tﬁe earlier preliminary resulﬁs
but was not a significant problem. It is now clear that halo can be
separated using only the fitted track in and behind the séectrometer iron.
This opens the possibility of fitting éll events using only'thése spark
chambers and thereby-eliﬁinating_the problems associated with showers
in the target.: |

2. Losses due to the presence of other particles in the chambers
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in front of the S§eqtrometer can be significant (~25-30%) at low
.secondafy muon.enefgy (laxrge v). ' This is discussed in-detail in
Appendix VII. This loss need not scale and can cause changes in the
w distribution. Again, an analysis.qsing only information from
chambers behind the firét magnet is much better for these events

and the approach is a very important part of our present analysis
effort. Another approach is the use 6f pulse height informafion from
counters distributed through the target to provide complimentary
information to the frént spark chambers. Preliminary studies indicate
this will provide significant help in eliminating possible biases
since the counter information is most helpful with large v events.

3. Coﬁvergehce of the analysis efforts has been slow but
beneficial to the understanding of the special problemé inherent in
this type of apparatus at these energies when working with a rapidly
falling Q? spectrum. It now appears that agreement has been reached
~on the level of uncertainty introduced by these problems. The "best“
final analysis may be 'some combination of-all tools developed so far,
but will take some time. A more immediate and interim sﬁep would be
results which still look verj much like those presented at the Chicago
APS Meeting. However, there will be uncertainties in absolute normal-
ization caused by the hadron multiplicity problems. We expect to be
able to agree on how to describe this normalization gquestion in the
near. future. Non-scaling corrections to the ratio method data are

‘being investigated diligently at this time and should converge shortly.
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GFNERAL CHARACTERISTICS:

0D 68 1n : '
1D 3w Epod to about 4", hasn't been accurately checked
‘Length ~ 31 1/8 ", see table I

Each magnet contains lj 738" slabs

Low-Carbon Steel; very high permeability at low Ffields =
1R~20,000 at H= I oersted (see fig 1)
~i~ 1500 8t operating current (H~40-200 oersted)

'Time constant for changing field in the iron depends on ¢ (conductivity) ’
n (germeability), and thickness (vL" #:% of:-s5labsthickness).

( ¢~ ud/o ), For n given sbowe, t= - '

The field has been observed to change for as long as 15 minutes after
¢hanging. voltagé, when working at low fields during degauss cycle.

It is easy to change the field mor® rapidly by supplying enough voltage
to force the current to change rapidly (ie V*IR) , 'bucking out'® the
eddy currents which attempt to shield the interior of the magnet. This
undoubtedly results in comonlex patterns of magnetization at low fields

(A Ballsprobe test suggested a layer of reversed magnetism near the
outside of a magnet which had bteen rapidly turned off)s Fortunately

- at standard oprrating currents hysteresis effects are very small (fig 2),
described later. Some 'forced! time constants are shown in fig 3.

B(H) was measured for a +tsmall toroid cut from the same steel as the large
magnets (L small toroids exist, 1 from each of the different ‘heats! from
which the steel plates came), Dimensions are nominall y 8" ID, 11" OD,
1.5" highy the cross-section is 1.500x1.500 square, centered at a radius

of L.75", Measurements of these distances made before the toroids were .
wound havwn't survived- if one wants a messurement of B (H) with absolute

normalization better than ~1% this nust be done.

Standard operating current for all megnets was to be 35 amps. Durthg the
Octcber Runs, AC voltage was low and the magnets usnally (but not always)
ran at about 33 ampse The Augusi rumning was also mixeds To avoid
scaling problems the magnets were run steadily at 33 amps for the April
run: as discussed later, this drop in current results in close to = 1%
drop in the magnetic field at all radii, with noc observable change in
the shape of the field.

The magnetic field in the large magnets was checked in 3 ways:

A, B(R) was predic.*bed for the large magnets by projecting the measured
B(F) curve cnto the He<1/R field expected for a toroid ‘

B. B(H) was measured by integrating current. from flax loops wound
- at different radial positions on the face of several magnets

Ce The total flux in each magnet was measured using a single cil
wound arouvnd the entire magnet.

¥ A colorful term suggesting some ignorance of detail

Infar-Nffiran Momnrandim
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FLUX LOOP’ MEASUREMENTS
From apprppprate fundamental laws
change of magnetic flux through a

coil results in a flow of current

RfI dt =A9’ =NA AB

if this charge is integrated by
a capacitor the voltage across
the capacitor will be

Vo= Q/C = ABxAMRC

An ideal integrator can be closely approximated by a high gain op amp
cornected as in figure, The op amp keeps the input voltage near O volts

by raising the capacitor voltage tc 'suck up! all charge injected at the
inpute Small noneideal effects such as leakage currents from the input
transistors are mulled out with potantiometer,and temperature stability

of this null iz the major limit on performance. - The NAL integrators use
an Analog Devices 234L , a chopper-stabilized module. Some of them use
ferrite cores on the input lines to filter out SCR hashjy this is desirable
as I have irregularly noticed drift when running the magnets at low currents
where the DC voléige waveform is *extromely spiky.

"In practice, 1ntegratang 2210 volts with =300k, C=1uf, drift was
negligible (%X.1%) over the 5-10 minute pericd used to take readings

by reversing mapnet polaritly, and was unpredictable over the L hour

period needed for a degaussing ¢ycles The integrator for my measurements
in fipril vas calibrated to the .1% level, as was the DV¥, with a

standard voltage source and other equippent used by the NAL mag measurements
group. I have no reason to think that measurements of A% are much worse
than that {ie the 10 minute measurements).  Relating &f to the B field

in the magnets is a more substential problem. ' -

Most of the B measurements were made by running the magnet at +I, then switching
to -I, and messuring Af for some region of the magnet. Measurements were also
mate in which the magnet was repeatedly turned on and off, ie +I,0,+1,0 ,
to demonstrate that the initial condition of the nagnet did not affect the
measured @ at +I . A sample set of measurements iz showms -

MAGNET # U4, Coil #3 (R = 19:5")

Fig 2 shows a measurement of hysteresis_ Vint
. & currents below the ncrmal 35 amps. +3 —.705V
- Coil #1, at outside of magnet 7 shows
below 30 amps a larger field coming —35 1.288 Av g = 1,989v
down from +35 awps than going up from 352
~35 ampsg close to & 'worst case! test. +35 ~e 705 (+O04v DV offzet
Coil #L, close to the inside of mag 7 C. subtracted from
shous a deviation opposite that eyp ected, =3%5. 1,290 result)
perhaps hysteresis in- the current meter
on the magnet power supply? In any case +35 -0k
the effect at 33 amps is less than 2%,
althovgh it was noted in some cther of +35 =70k
the measurements at 39 amps and isn't 0 _
understood. +35 -e TOL
’ "'33 “0696
0

irtor-Office Meimorandum
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RADIAL FIELD MEASUREMENT T L N
: ©
Because some of the magnets have up.to . Py
1/8" spaces between their plates it is O '
possible to drill holes through a single $—
8" plate and with the aid of = thin v 2z
snagging apparatus wind coils between A
the holes, thus sampling the field at I
@ifferent radii. ®psitions of holes, o =
all 3" diameter, for magnet #7 is Shown. F— a2y ?\,‘)’
K coil wound between holes 243 would - T
.sample the field at an average distance ¥. 5
of 15" from the ocutside of the magnet, A
for example, It is important that the 1% CorC R
holes not disturb the field in the magnet: WY o ". :ﬁ N
The 6 holes shown occupy 1 % "/28", or about N Ty T

£% of the area of the magnet-pldte in transverse
cross sections A simple analogy suggests that the
total change in the rel uctance of the magnet will

be much less than this 5%, Tn the ladder of resistors
shown, removing a single resistor from the chain

wil 1 shange the resistance of that link in the
chain from R/S to R/4, or 20%. The r esistance

} ey

of the ladder changes by only 6% : the remaining
resistors in the link carry more current. This
doesn't work quite as nicely in the m agnet -
because p decreases as B increases, the 'resistance!
of the iron remaining actually increases a bit
when the hole is drilled.

M-
PP

A

A poom direct test is to measure total flux
before and after a hole is drilled. This was
done in the region occupied by ccilffl, extending

A

from the outside of the magnet (34") to §" in.
A complete set of radial measurements was taken
in September., Somewhat later hole#% was drilled,
at 32" radius, and a complete set of radial

M

measurerents was taken in April. BEecause the
integrator measurements in Sept were not
absclutely calibrated, I am comparing the ratios
of the measurements at different positions;

A A ]
MM ‘

WA AN

+—A W L an

-J\AAA'__A/\/L___/\ MA—LApAA

Coil# April  Sept  April/Sept

"

2 16.82 16,80 1,001
3 17.15  17.10 1,003
5 187k 18470 1,003

The avrrage value is 1,001, so the additional hole in the spacc of coil #1 ,
occupying 3"/6" = 4% of the arca of the coi}, has changed the field by

0.599/1.001, protably somewhere brtwe-n O and .3%.

Inter-Office Memorandum
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FORE RADIAL FIELD MEASUREMENT

Another protTem with the holes is that part of the magnetic field stays in

the holes A Hall Probe reasurement at full field gave about 200 gauss in

the holes, or about 1% of the field in the iron, which is entirely negligible
for a measurement covering several inches of iron. This was tested directly
by checkin§ that the magnetic Zirkdsyexl flux betwcen the outside of the magnet
and hole #5 , and between hole #3 and hole 1 jadded to the same result as coil

#1. The result was agreement to .13

The largest error in the radial measvremente is undouttedly the measurement
of the arca of the coils, I have defined the areax to extend to the center of
“each hele, because that is the area that the flu x lines would .
occupy if they had not been disturbed by the holes, This is | ¢ /QL
wroag only to the evtent that the flur divides unevenly tetween

.

the two sides of the hole because 0{.“ the difference in pi. The

measurement of flux through coil #5 (outer 2" of magnet) may - = e o

actually be affected by this = squeezing 1/8% of flux into the HrPrE-- - --
2" area available results in a 6% increase in aversge Tield,
s0 the flux may orefer the opposite side, where it can spread
out, £ 107 asymmetry in division of the flur would cause the. -
%{% deviation of the measured flur for this coil shown in fig L. =<
The distance of the holes radially was measured on both the - '
inside and outside faces of the plate, t0 an accuracy cf
beiawr-en 1/F5% and 1/32%. The thick nes of the plate was _
measured only at the outside of the plate = because the plates , -

A

(on the tasis of rather poor statistics) are quite even in A e W £

thiskness about the outside diameter I have assumed that tkh — - -~ -
thickness doesn't change much from inside diametrr to Outside.

The effect of a 1/32" errcr in measure of distance is shown for
coil #% (assuming that one radial measurement is off by 1/32, !
changing the average by 1/64") which is 1/647/2" =.8% .

Besause the other coils are 2-3 times as large the afféct of

a similar error on them will be less than %%. The deviations of

the measured points from the smocth line in fig L a re of this

order.

Fiz | shous complete sets of radial measurements for magnets L&7. Agreement
between the two is about 1/3%, suggesting that some of the deviations
from the predicied field line are real: in perticular I suspect that the
higher field at the outside magnet radius is real, and the the neesurement
for coil} at 32" is low. Except for this point I have no reason to think
that any of the measurements is wrong by more than 2%, ZFigure 5 shows the
measured ficld for I=33 amns. The result is e~tremely close 4o a uniform
shift of 1% across the face of the magnet. This shift was indep endently
measured to be 1Z by the. integzral field measurements discussed below,

NOTE: the close agreament ( about o1%) between the Sept and April measureménss
is slightly fraudulent because it is the result of two compensating errors-
the integrator u sed in Sept was apparently clese to 1% low, and the thickness
&3 the plate in mag 7 was measured high by 1/18/7.5" =1%. ia—telivs That

both sets of data fall so close to the small toroid prediction is, of course,
complelely accidental .

Inter-Office Memorandum
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INTEGRAL FIELD MEASUREMENTS

Total flux through each magnet was measured with a single=turn coil. This

may be converted to an average B by dividing by the area, which is not however
well known -« the ID's of the magnets cannot be measured with the coils in place.
4" e rror in the OD or id resultts in 1% error in the area (which is about 31"x281),
The mavimum mea sured deviation between magnets is about 1%, supgesting that the
distances are good to +/- 1/8"3 but this cannot be separated from differences

in the fields at this levele Results are shown in Table T.

Becanse two different power supnlies were used to run the mzgnets, and becaunse
connection of the magnets was different in the 56 gev and 150 gev configurations -
it is important to comnare the field in the magnets as they were hecoked up for
the two configurations (fig below). I did this with thr intrgral measurements,

56 GRV 15 0 GE V
North Acme - South Acme North Acme South Acme
35 amps 33 amps: 35 amps’ 66-70 amps
~120 v ~235 v ~120v ~235-250v
(Magnet 2) . (Mags 1&3,series) (Magnet 5) ~ (¥ags 1&3,series)

in parallel with
(Mags 6&8,series)

Standard measurements (eg radial) were always made with two magnets connnected
in series to the South Acme supply. The following correction factors for
different sibuations were discovereds

Magnet #2, powered by the N orth Acme at 35 amps, has the same f1 ux as
Magnet #2, powered by the South Acme suppl y at 33 amps.

The totel fluy in eacl magnet fell by close to 1 asithe current was changed from
35 amps to 33 (here, as for coil #L, fig 2, values for the flus were about

. 2.1 higher when the current was raised to 33 amps, than when the current was
reduced to 33 ampss I have taken average valuesjy presumably during the running
both situations occurreda
Por magnets 1 and 3, flux is”
as at 150 gev.

3% low vhehcthey are run in p arallel with 688,

For magnets 640, flux is 1¥ low when théy are run in papallel with 133,
as at 150 gev.

In the absence of compliete information I have adopted the foll owing conventions
for my best estimates of magnetic field in the spectrometer:

Assume B(R) same for all magnets when run at 35 amps by Sonth Acme suprly.

Use Integral f{ield measurements to calculate correction factors depending on
the way in wiich a magnet was hocked up, giving B(R)qgp,etce

Calecultate correction factors from measured magnet lengths,( and applying this
factor also to B(R), comvare B (R) * L for the differcnt ccufigsurations,  This
is not to be confused with the intezral field mrasurements whichx fer which I
triust the sbsolube result less because of the unmeasured radial distznces.

Final correction factors are given in Table 11
- Inter-Office Memorandum
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SMATL '..I'OROID MRASURFMENTS

Several vearo ago B(H) was measured by attem 1gtmg to derauss small toroid #2
and then’ monitoring A¥ 85 it was turned on. igure 6 showstthe measured. field,

and figures L&5 show the predicted B(R) in the largze magnets. The 'neww!
predicted ¥alue is a recent recalculation of B(R) from the old values of
AV which benefits from use of a modern electronic calculator. The agreement
with normalization of large megnet measurements is a bit worse than for the
1old"' prediction but the shape looks betters I have not repeated the old
small mapnet measurement including the degaussing but have checked the high
.field points by measuring A¢ for reversing current in the small toroid., The
resuli'ﬂ check well.

30

1 B(CID) B{(HmwW) ¥ NFM/OLD these purbers toméfrom Sept
- measurenents and include a2
60 20,18 20,22 1,002 factor of 1.01 which was necessary
Lo 19.31 19.28 1,002 40 make the April and Sept
30 18.81 18.73 0,996 . measurements- on Magnet #7
20 17.91 18,08 . 1,009 consistent
10 16,53 17.15 1.038
5 15,50 - :

B(H) was also measured in Sept for the other 3 small toroids s With results
shown in fig 7, without the 1% correcticn. Because the area of the coils
may only be assumed, as well as the number of primary turns on the toroid,
these measurements dom't contribubte much information at the level of .
precision at which I am operatings 7To inprove the measureme=nts, the toroids
must Ye unwound and wound up again, probably a mere day of Cilthy work, '

Inter-Office Memorandum
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mrabehes are degaussed by placing them in a 60-cycle AT wagnetic Field
A

ammlitede is groduallv reduced o 0. The skin depth of ocur magnets
cyeles is rovghly. Imm; 5o 2 lower frecuvency mus®h Ye use ; ahout

.inutes)“l at ceveral ¥z vihere the D ermeatility cof the iron is as
high a3 20,000, Because the H field varies as 1/R in 1lor oaop, therefore
hy 2 f”c{or of &6 from the inside to outside ra‘ilg of- our msgnets, different

")
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INCIDENT ENERGY FOR 56 GeV DATA

As described in the previous section, the muon beam
-energy is gquite linear in the magnet currents and we can
set the beam to approximately 1%. In the lower energy data
of this experimenf we wish to scale the energy by exactly 3/8.
In order to check this setting, we have also used the
proportional counters and beam hodoscope counters. Since the
counters were not moved between the two runs, the_relative
energy setting is independent of the alignment and,in fact,
depends only on the scaling of the current in the bending
magnets iE4.

‘Figure o shows the beam momentum distribution for
the two sets of data, relative to the nominal settings. There
is an apparent shift of 1.2%, presumably due to effects of
guadrupole steering upstream in the beam and slight differences
in the muon energy loss in the pion absorber. This shift can
be corrected in the comparison of data to da;a and any

uncertainty due to energy shifts.will be extremely small.
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Table I

B Field Parametrization: B = a/R + b + cR + dr?
(B in kG, R in cm) -

150 GeV Configuration

Magnet a b C . d Length
1 12.17 19.87 ~0.08338 0.0004336 79.06 cm
2 Off 79.22 cm.
3 12.17 19.87 -0.08338" 0.0004336 78.11 cm
4 Off | 79.22 cm
-5 12.20 19.91  -0.08355 0.0004345 79.06'cmv
6 12.14 19:81 -0.08313 0.0004323 79.06 cm
7 Off 77.62 cm
8 12.14 19.81 -0.08313 0.0004323 £ 78.26 cm

56 GeV Configuration

Magnet a ‘b c d Length
1 12.21 19.93 -0.08363 0.0004349 79.06 cm
2 12.21 19,93 -0.08363 0.0004349 79.22 cnm

3 "12.21 19.93 -0.08363 0.0004349 78.11 cm
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POSSIBLE EXPLANATION OF ORIWGIN OF EVENT 10SSes
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IF 2 WANDS HAVE N SPARKS, OTHERS 4N,
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CONCLUDE: LosT EVENTS CORRELATE WITH 29
LARGE NUMBERS OF SECONDARY
PART\CLES.
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FLOWCHART FOR FRONT PROGRAM

TRACX FROM BACKFIT
3

(1 veam track present)

>

TEST FOR HYPCTHESIS CF
SCATTER FROK BDEAM

(cut on Xz"r,)
(cut en Zinteraction)

}

FIND ALL VIRRS WITITN

MULTIPLE SCATTRRTNG CCNE
cut cn ~ 2 wirdow)
require at least 3/5 . chambers)

/

"FIID (x,y) PATRS WITIIN
SCATTERING PLANE WIMDCH

(cut cn 3-Lo w

indr .'.')
(Reguire at leas%

3/l spark chambers)

/
CONSTEECT FROUT LTXT WITH (7,y)-
CLOSEST TO SCATTERING PLAME Td
EACH YOSUIE. THROY AWAY POINTS
TO ACKIEVE (Deviation)2/D07 € 0.05 cm?

/
PICK PCINTS CLOSEST TO NEW LINE

-AllD RIPEAT

(require at least 1,75 cherters)
(cut on DR/(energy demendence))
(cud con DTH/(encrgy dependence))

\ |
PERFCR] CVFRALL NOMFNTUM FIT -
(cut on A’/mOFL2.,5) .

TRANSMISSICN

56 GEV

1007

oo

3%

7

150 aEV:

100%

98%

83%

768

5%
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SLATTERING PLANE
REQU IREMENT

~ .

O-~~-—0 FRONT % PT. TRACK
LANKED Yo TRACK
N RENR

Y PAss TinaL
MOMENTUM Fi7 g */ooF 2 2.5

® 56 Gel OATR
O 1580 GeV DNTA

CoNCLuDE : MAY NEED MoRE WFoRYRTION
(FROM TARGET c,dom:e&s) YOR a5%
oF ENENY AT S50 GeV RND 20% &Y
56 GeN |

L 1 { 1

NOMBER

i S 3 K S =~ N’
oF STANDRRD DEVIRTIONS N MULTIPLE SCATTERIMG CONE
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3.8% geometry(very small angles)

4% pundt v
102% ¢

o

'TABLE I NUMBER OF POINTS IN THE 'HOURGLASS' WINDOW
MODULE 11 . ' MODULE 12
~ruN | bEscrrp. | 0 \1 \2 \3 N3 ol |2 3 |3
564 | 53 Gev |0.7%[90.2]6.2]1.3[1.4]p0.4]01.2]5.9(1.3(1.3
569 18 Gev | 0.8 |93.1/3.8]1.0]1.2[0.2]91.0(6.2(1.7(1.3
542 56 DATA | 8.6 [81.7/6.0[2.2[1.5[3.9]86.8{5.8(2.5[1.0
TABLE II  MATCHES IN MODULES 11 AND 12 (ONE LINE IN REAR)
RUN 564 12_11 0 3 4
0 0.1 0.2 0.6
3 0.1 1.2 10.9
4 1.0 3.4 82.4
1
RUN 569 12 0 3 4
o 0.13 0.0 0.5
3 U.2 u.s 1/.6 -
4 1.2 3.4 76.1
RUN 542 12\!* 0 3 4
0 '2.8% 0.8 . 0.6
3 0.9 0.5 6.7
4 5.6 3.5 78.5
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Table 1. RECONS8-VOREP Comparison

a)' Progressive Cuts - ($ surviving after cut)

2

Total Magnet Geom. ~|z] E'> Beam  x“ all 5
$# | Face | 1<300 cm| 35 Gev]| <5 |Modules
RECON8 4539 3214 2504 10670 1001 968 940 927
VOREP 3721 2598 1672 1076 980 980 945 937
b) Common Events (1 for RECON8, 2 for VOREP) o
_ ; «_ _ _ 2,.2_ - 2_.2
Ei-E) | Bj/By=1101-05 1 0,/8,-1107/07-112;-2,  1X17X;
v GeV ' ‘mrad (GeV/c)2 cm
Mean 0.62 0.78% (—-0.08 -0.22% [-0.03% [-2.35 0.16
Sigma 6.46 5.94 1.40 4.60 4.90 22.%0 0. 51.
c) Distributions of Common and Lost Events (1 for RECONS, 2 for VOREP)
Events <E'> o <> o <0%> o, <y 2> o <z B
# GeV © mrad (GeV/c) CIm

l’common 816] 98.9135.5]20.0]10.4]12.1]7.3]0.92]0.7
"lost" 1211105.9{43.2/26.6(11.6/10.5{7.0{/1.08}0.9

, common 816{ 98.5|35.1{29.1{10.4{12.1|7.2 0.8010.7
"lost" 1111100.2'41.1127.5111.5/10.917.911.20'0.9

d) Accounting for "lost" Events _ v
Category - RECONS8 _.VOREP

0]-19.4]95.8
7(-28.1{120.1

2{-15.3198.2
3'-23.47107.2

Geometry 32 28
'Iz|<3oo cm 20 20
E'<35 GeV 2 4
‘No beam 16 .6+0 a<6
Two beam 4 - +recoverable losses
X“>5 15 19 ¥ true losses.
lost cham. 11 7 0 :
lost cham. 12 5 2
Halo only 12 3
* Not on tape - 8 29-a
Total 121 A 111
e) Matching in Each Module (4 ordinates, max, per module) .
: ' RECONS : . - VOREP o
$0ord/Mod$-> 11 12 13 14 15 11 12 13 14 15
+ 0 0.9% 0.8 0 0 0 0.3 0.4 0.0 0.0 0.1
2 0.5 0.9 0.5 0.1 1.0 0.3 0.6 0.4 0.4 0.5
3 3.6 12.2 3.2 2.6 6.2 - 2.6 11.¢ 1.8 1.5 6.3
- 4 95,0 86.1 96.4 97.4 92.8 1]96.8 88.0 98.8 -99. l 93.1

f) Latched Spectrometer Hodoscope Counters (DCR) Whlch

Agree w1th

Track Location

# of latched./agree > 0 1 2 3
RECONS o or  0.0% 0.3 4.4 95,1
vorgp | events®) 0.3 0.3 3.4 96.0
Halo only 40.9 24.0 17.0 18.1
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Table 5. Bias Tests

a) Beam Veto

. 2 " inlexuckon
Brents| % <E'/E0> o |<Q°> o <z> o <x2> ¢
BvV BV (GeV/c)2 cm
off off V1874 89.210.66(0.24112.4 |7.6|-8.4 (80.2/0.95/0.73
off on 144 6.970.72{0.23].9.4 [4.6!-7:2 83.8/0.96]0.74
on off 74| 3.410.68,0.25|11.1 {7.1{-22.7184.4/0.8910.67"
on on 10} 0.5}0.56{0.23] 9.4 {(4.2|-57.7174.0l0.83 0.45
b) Spark
Chambers
$ of Tracks :
1 1604 {76.3/0.67|0.24}12.1 {7.31-8.7 {79.6/0.94{0.73
2 411 |125.610.66(0.24/12.2 i8.0i{-9.7 84.010.9510.70
3 62| 3.010.69 0.23 11.8 {7.51-13.0]/86.6§{0.97{0.76
4 16 0.8{0.61/0.23/10.3 |6.8{-9.0 {85.0/1.1011.10
5 + 810.4)0.73/0.22111.0 }5.6{-15.8{83.4]1.21{0.76
c) Counter |
Latching
$# of SA
Latched . _
1 826 [78.31(0.69]0.24111.7 5.9 -10.5181.2
2 197 18.710.58 0.22412.8 |8.1{~7.1 [83.4
3 29 12.7(0.46}0.14112.7 17.51-9.1 |77.9
4 31{10.3
5 0
d) Depéndence
on X
2
0-2.5 2000 93.7!0.66|0.24112.0 {7.4|-8.5 l80.1
2.5-5.0 102 14.8{0.63(0.27,13.5 {8.5|-21.5(92.1
5.0-7.5 13 {0.6 '0.6910.21.!115.5 10.51~-39.3!70.7
7.5-10.0 15 |0.7 0.61]0.27{14.6 |6.9 4.6180.9
10.0-12.5 5 0.2 : :
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